It is unclear whether adaptation to a new host typically broadens or compromises host range, yet the answer bears on the fate of emergent pathogens and symbionts. We investigated this dynamic using a soil isolate of Burkholderia cenocepacia, a species that normally inhabits the rhizosphere, is related to the onion pathogen B. cepacia, and can infect the lungs of cystic fibrosis patients. We hypothesized that adaptation of B. cenocepacia to a novel host would compromise fitness and virulence in alternative hosts. We modeled adaptation to a specific host by experimentally evolving 12 populations of B. cenocepacia in liquid medium composed of macerated onion tissue for 1,000 generations. The mean fitness of all populations increased by 78% relative to the ancestor, but significant variation among lines was observed. Populations also varied in several phenotypes related to host association, including motility, biofilm formation, and quorum-sensing function. Together, these results suggest that each population adapted by fixing different sets of adaptive mutations. However, this adaptation was consistently accompanied by a loss of pathogenicity to the nematode Caenorhabditis elegans; by 500 generations most populations became unable to kill nematodes. In conclusion, we observed a narrowing of host range as a consequence of prolonged adaptation to an environment simulating a specific host, and we suggest that emergent pathogens may face similar consequences if they become host-restricted.
Some emergent pathogens, such as Pseudomonas and Burkholderia species, persist in a wide range of plant and animal hosts, suggesting that the virulence factors needed to infect plants and animals are similar (5, 40) . Yet whether adaptation to a new niche tends to compromise niche breadth or, in this case, host range is an open question. Adaptation to a novel host may restrict host range to various degrees, whether by diminishing host-specific virulence traits without affecting host colonization or by reducing the ability to initiate infection in alternative hosts. However, if factors needed to colonize plant and animal hosts are similar, then why are some bacterial populations restricted to a narrow host range while others are not? One explanation for a limited host range may be the result of genetic trade-offs associated with adaptation to a specific host (7, 18) . Another explanation may be that prolonged adaptation to a specific host casts a "selective shadow" over unused functions that are relevant to colonizing other hosts but decay by genetic drift (7, 18) . To address these possibilities, we quantified the direct and correlated effects of specific host adaptation by the opportunistic pathogen Burkholderia cenocepacia.
Members of the Burkholderia cepacia complex (Bcc), which are ubiquitous in the environment, were once used as biocontrol and bioremedial agents but now are banned from these applications because of the potential of some members to cause plant and human disease (39) . The type species B. cepacia is well known as a pathogen of the common yellow onion, Allium cepa, in which it causes a characteristic yellow or brown rot. Another species, B. cenocepacia, can also infect onions as well as a range of plants and animals, including humans (2, 6, 26, 36) . Bcc bacteria can cause serious infection in the lungs of cystic fibrosis (CF) patients (6, 26) . These infections, called "cepacia syndrome," are highly contagious among CF patients, and infections produce many negative effects on an already poor quality of life, including longer hospital stays, removal from lung transplant lists, blood poisoning, and eventual death (24) . B. cenocepacia, one of the two Bcc species most commonly isolated from lung infections, is especially threatening and is associated with more severe cepacia syndrome (35) . However, the mechanisms allowing B. cenocepacia to adapt to colonize both human and plant hosts are unclear. Several putative virulence mechanisms have been identified by random mutagenic screens or by knockouts of candidate genes (2, 12, 20, 25, 29, 35, 43, 46) , but these mechanisms generally have not been shown to function in host adaptation. One way to directly study adaptation of bacterial populations to susceptible hosts is by experimental evolution, in which bacterial populations evolve in a controlled laboratory setting that enables study of the adaptive process over time (7) .
We experimentally evolved populations of B. cenocepacia HI2424 to study the extent to which adaptation to the common yellow onion A. cepa affects host range. B. cenocepacia HI2424 is a soil isolate and is classified as part of the PHDC strain lineage, the strain first characterized as responsible for an outbreak of Bcc infections in large treatment centers located in the mid-Atlantic region of the United States (33) . We found that adaptation of B. cenocepacia to the onion model was associated with reduced virulence but did not compromise the capacity to colonize (or be consumed by) the nematode Cae-norhabditis elegans, and the coincidence of these events suggests that a genetic trade-off (antagonistic pleiotropy) between fitness in onion medium and nematode virulence exists. We also characterized several phenotypes potentially associated with adaptation to the onion or nematode virulence. Most phenotypes varied significantly among replicate populations, suggesting that adaptation to the onion model may follow several different pathways.
MATERIALS AND METHODS
Bacterial strains, media, culture conditions, and genetic marking. All bacterial strains and origins are described in Table 1 . All Escherichia coli strains harboring vectors were recovered from frozen stocks and streaked for isolation on T-soy agar, and single colonies were propagated in T-soy broth at 37°C with antibiotics. E. coli OP50 was recovered from frozen stocks and propagated in T-soy broth at 37°C without antibiotics.
Experimental evolution and competition experiments require competitively neutral markers to rule out cross-contamination and to enable competitors to be distinguished in mixed culture. Mini-Tn7 transposon vectors were constructed to insert E. coli lacZ into the chromosome using trimethoprim (TMP) for positive selection. Standard molecular methods were used throughout (34, 42) . All plasmids were isolated using a Qiaprep Spin Miniprep kit (Qiagen) according to the manufacturer's protocols. All restriction enzymes were from New England Biolabs (NEB) and were used according to manufacturer's instructions (NEB). A TMP-resistant derivative of pUC18 R6KT-mini-Tn7T (4) was constructed by excising the TMP cassette with flanking Flp recognition target (FRT) sites (860 bp) from pFTP1 (4), using XmaI sites, and ligating it into the XmaI site of pUC18 R6KT-mini-Tn7T with T4 DNA ligase (NEB). The ligation mix was transformed into chemically competent E. coli DH5␣ pir, and TMP-resistant clones were cultured. E. coli lacZ and its native promoter were cloned into pcrSMART (Lucigen) by PCR using primers lacZF (5Ј-ATTTCGAAATGCTT CCGGCTCGTATGTTGTGT-3Ј) and lacZR (5Ј-ATTGTACAACATGGCCT GCCCGGTTATTATTA-3Ј). The final vector, pCELacZ, was assembled by cloning the lacZ fragment from pcrSMART-lacZ into pTn7-FTP using compatible EcoRI sites.
B. cenocepacia HI2424 was marked using either pTn7-FTP to provide TMP resistance or pCELacZ to provide TMP and ␤-galactosidase activity. Both plas-mids were delivered by four-parental conjugation (3) . Briefly, the bacterial helper and the donors were cultured with the appropriate antibiotic (E. coli DH5␣ pir/pTNS2 in 30 g/ml ampicillin, E. coli DH5␣ pir/pEVS104 in 30 g/ml kanamycin, and E. coli DH5␣ pir/Tn7-derived vectors in 50 g/ml TMP). HI2424 was cultured in the absence of antibiotics. Overnight cultures were combined, spotted onto a 0.2-m-pore-size nitrocellulose filter and incubated at 32°C for 12 h. Mixtures were plated, and TMP-resistant colonies were picked and subsequently screened for the lacZ insertion on 5-bromo-4-chloro-3-indolylbeta-D-galactopyranoside (X-Gal). Tn7 insertions were confirmed by PCR using the primers lacZint-F (5Ј-TGTCGCTCCACAAGGTAA) and lacZint-R (5Ј-CA CTTCAACATCAACGGTAATC).
Experimental evolution. Twelve populations of B. cenocepacia were serially transferred for 152 days in a medium composed of macerated onions as follows. Common yellow onions (A. cepa) were obtained from Fiddlehead Farms Marketplace, Dover, NH. Six populations of B. cenocepacia HI2424 lacZ ϩ Tp r (designated populations D1 to D6) and six populations of B. cenocepacia HI2424 lacZ-null Tp r (populations L1 to L6) were founded from single clones and propagated daily by 1:100 dilution into 5 ml of 2% onion medium (2% macerated sterile A. cepa tissue, 1ϫ M9 buffer) in 18-by 150-mm test tubes at 32°C. (The chemical composition of onion tissue is described in reference 48). The populations were maintained in this manner for 1,000 generations, and growth was equivalent to log 2 (100), or ϳ6.6 generations occurring per 24 h; every 100 generations, 1-ml samples from each whole population were stored (Ϫ80°C).
Competition experiments. Fitness of evolved B. cenocepacia populations relative to the ancestral clones was determined as outlined previously (30) . Briefly, 50-l samples of the evolved populations and the ancestral clones were recovered from a frozen state by overnight growth in T-soy broth at 32°C with orbital shaking at 130 rpm. Following incubation, each population was diluted 1:100 into 2% onion medium and grown for 24 h at 32°C with orbital shaking at 130 rpm. This allowed each population to acclimate to the onion medium. Following incubation, each evolved population was combined with its oppositely marked ancestor in a 1:1 ratio and grown for 24 h in the selective environment, with orbital shaking at 130 rpm. Initial and final densities (CFU/ml) of the two competitors were calculated by plating diluted samples on T-soy agar containing 0.04% X-Gal that allowed them to be distinguished by marker type. The net growth of each competitor was determined from plate counts, and the relative fitness of the evolved populations to that of the ancestor was expressed as the log ratio of their realized growth (30) . Each experiment was performed with five replicates. Fitness values of less than 1.0 reflect reduced fitness relative to the ancestor; values greater than 1.0 reflect fitness increases (30) .
A. cepa virulence experiments.
Onion scale virulence assays were performed as described previously (27) . Briefly, whole onions were washed with 95% ethanol and cut in quarters with a sterile knife. Individual scales measuring approximately 60 mm in length and 35 mm in width were dipped in an onion wash solution (1ϫ M9 buffer supplemented with 2 g/ml nystatin, 2.5 g/ml gentamicin, and 50 g/ml tetracycline) and wounded on the inner surface with a sterile pipette tip. The scales were inoculated with 5 l of bacterial culture that was previously grown overnight in 2% onion medium. The scales were individually incubated at 32°C for 48 h in sterile custard dishes containing sheets of sterile Whatman no. 1 filter paper premoistened with onion wash solution. Postincubation, zones of tissue maceration were measured in mm 2 . Virulence was calculated as area of tissue maceration.
C. elegans virulence experiments. C. elegans strain N2 provided by the Caenorhabditis Genetic Center (Minneapolis, MN) was used throughout this study. Periodically, nematodes were thawed from Ϫ80°C and propagated on nematode growth medium (NGM) seeded with E. coli OP50 as a food source (45) . Gravid adult nematodes (Ͼ10 7 ) were collected from the medium surface by washing with 1ϫ M9 buffer and were then purified by sucrose floatation. Washed adults were suspended in bleach to harvest their eggs; the eggs were allowed to hatch, and synchronized L1 larvae were grown aseptically in C. elegans habitation and reproduction medium (CeHR) (45) for 48 h until they reached L4 stage.
Estimation of bacterial virulence to C. elegans was performed using a liquid model of C. elegans infection described elsewhere (9) . Briefly, bacteria were recovered from a frozen state by culture in T-soy broth for 24 h at 32°C. Following incubation, each population was diluted 1:100 into filtered 2% onion medium and grown overnight. Samples (500 l) of bacterial cultures were then standardized to an optical density at 600 nm (OD 600 ) of 1.0 and added to a six-well plate with 5 ml of S medium (45) . One hundred synchronized L4 nematodes were added to the bacteria in S medium and incubated at 24°C for 9 days. Percent nematode death was monitored by counting the number of dead nematodes per 50 total nematodes. The OD 600 of each mixture was monitored using a Tecan Infinite M200 plate reader. For all statistical comparisons, we compared population virulence by calculating the area under the curve (AUC) of percent nematode mortality over time.
To visualize bacterial populations within nematodes, confocal laser scanning microscopy was performed on mounts of 10 C. elegans nematodes infected with single clones of bacteria at a magnification of ϫ200 and 543-nm emission with a band-pass (BP) 560-to 615-nm filter on a Zeiss LSM510 Meta. Bacteria were marked with pSPRed (S. Poltak and V. Cooper, submitted for publication) prior to infection of nematodes using mating procedures previously described (3) . Nematodes were infected with bacteria for 120 h before imaging. Five nematodes cultured with the ancestor bacteria and five nematodes cultured with population L1 were washed twice with 1ϫ M9 buffer before being mounted on glass slides containing an agar solution (2% agar, 0.1 M NaCl, 10 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 ).
Phenotypic assays. Growth rates were determined from measurements of the OD 600 in 96-well plates; maximum growth rates occurred between hours 12 and 13 of growth. Biofilm production was measured by crystal violet staining of stationary phase cultures grown in T-soy broth in 96-well plates as described previously (37) . T-soy broth was used in place of 2% onion medium because measuring biofilm production in the presence of onion particulate complicated our quantification, and filtered onion medium did not support enough growth for robust biofilm production. Production of C 8 acyl-homoserine-lactone molecules that mediate quorum sensing in Bcc (32) was performed in 96-well plates and detected using methods previously described using the plasmid pAS-C8 as a fluorescence reporter (53) . Swimming and swarming motility were measured as diameters of spread on 0.3% T-soy agar following 24 h of incubation at 37°C.
To visualize bacterial populations in the selective environment, stationary phase cultures were grown in Luria-Bertani (LB) broth, and 3-l samples were smeared onto microscope slides containing an agar solution (2% agar, 0.1 M NaCl, 10 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 ). Mounts were visualized using standard light microscopy at magnifications of ϫ400 and ϫ1,000.
Determination of diet breadth. The total catabolic diet breadth of the lacZ ϩ evolved populations and the lacZ ϩ ancestor clone was determined as described previously (10) . Briefly, bacteria were recovered from Ϫ80°C by growth in T-soy broth for 24 h at 32°C. Each culture was then diluted 1:100 into fresh T-soy broth and grown overnight. The cultures were washed in 1ϫ phosphate-buffered saline (PBS) and standardized to an OD 600 of 1.0. Assays were run in three replicates for each sample in Biolog (Hayward, California) GN2 plates by taking OD 600 readings every 2 h for 12 h, once at 18 h, and once at 24 h using a Tecan Infinite M200 plate reader. The growth curve for each well was standardized by the water control and was integrated into one AUC value of catabolic function. To assess whether the evolved populations systematically gained or lost functions, the means of each evolved population were compared with the means of the ancestor replicates by a two-tailed t test. This was performed for each carbon source, and thus the critical P value was corrected for multiple comparisons.
RESULTS
Chromosomal marking by lacZ is competitively neutral. We tested whether the Tn7 lacZ-dhfr insertion in B. cenocepacia HI2424 affected relative fitness by comparing it to an isogenic strain harboring only a Tn7 dhfr insertion. We also quantified the yield (CFU/ml) of both competitors in the selective environment after 24 h. Based on five replicates, the average fitness ratio of lacZ-dhfr-marked to dhfr-marked B. cenocepacia in 2% onion medium was 1.008 (Ϯ 0.053 standard error), and the yields of both competitors did not significantly differ when grown separately (t ϭ 0.278; P ϭ 0.80).
Direct effects of experimental evolution. Adaptation of all 12 B. cenocepacia populations to onion medium was quantified following 500 and 1,000 generations of selection ( Fig. 1 ). After 500 generations, mean fitness of all populations increased by an average of 55% relative to the ancestor grand mean based on five replicates per population of 1.55 Ϯ 0.17 (95% confidence interval [CI]). After 1,000 generations, even greater adaptation was observed (t ϭ 3.35; P ϭ 0.003), reaching a mean of 1.97 Ϯ 0.25. However, significant variation among experimental blocks and block-by-population interactions were observed ( Table 2) , likely as a function of different batches of onions. This effect may obscure significant differences among populations but was minimized when the same batch of onion medium was used in different experiments (data not shown). Nevertheless, the significant interaction term in the analysis of variance (ANOVA) and the change in fitness rank over time ( Fig. 1 ) suggest that different populations may have adapted at different rates and/or by the substitution of functionally distinct mutations.
The vast increases in competitive fitness can be explained by improvements in several traits, including exponential growth 
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HOST-SPECIFIC BURKHOLDERIA ADAPTATION 2389 rate, the total cell yield of each population, and adaptation to general aspects of the laboratory environment. We quantified maximum growth rate over 24 h of the evolved (1,000 generation) populations and ancestors in 2% onion medium and found that 11 of 12 populations grew significantly faster than the ancestor ( Table 3 ). The mean rate increase was 72.7%, from an ancestral value of 0.0078 Ϯ 0.0018 to 0.0135 Ϯ 0.0009. Cell yield (CFU/ml) of these populations in onion medium following 24 h of growth declined slightly but significantly (t ϭ 2.15; P ϭ 0.04).
To test whether populations adapted to the general laboratory environment rather than specifically to the onion medium, we measured the relative fitness of six populations in an environment identical to the selective environment, except that 1% galactose was substituted for macerated onions as the carbon source. Mean fitness of the six populations in galactose medium was 0.99 Ϯ 0.05 (95% CI), which does not differ from neutrality (t ϭ 0.45; P ϭ 0.67). In addition to this test, we assayed the fitness in onion medium of two laboratory-evolved populations (P1 and P2) that are also derived from the same ancestor as the onion-evolved populations (see Fig. S1A in the supplemental material). Populations P1 and P2 were evolved similarly to the onion-evolved populations, except that 1% galactose minimal medium was substituted for 2% onion medium throughout serial passage in the laboratory for 1,500 generations. Mean fitness of the galactose-evolved populations in onion medium was 1.05 Ϯ 0.06 (95% CI), which does not differ from neutrality (t ϭ 1.478; P ϭ 0.163). In summary, adaptation in onion medium was specific to that environment, not a response to general laboratory conditions, and can be explained primarily by an increase in growth rate.
We assayed virulence on intact onion scales to determine if adaptation to 2% onion medium was associated with increased onion tissue maceration. Evolved and ancestral populations were grown to stationary phase and used to inoculate onion scales. Though tissue maceration and severe odor were observed for all evolved populations and the ancestors, there was no quantitative difference detected in the zone of tissue maceration (t ϭ Ϫ1.22; P ϭ 0.23), nor was there a qualitative difference in odor between evolved populations and the ancestor clones (data not shown). Therefore, passage in 2% onion medium did not correlate with an increase in tissue maceration ability.
Effects of onion adaptation on nematode virulence. Pathogenicity to the nematode C. elegans was quantified using a liquid model of infection, using the ancestor clone and all evolved populations after 500 generations of onion adaptation (Fig. 2) . We also assayed nematode virulence of the evolved populations after 1,000 generations of onion adaptation, but since pathogenicity did not differ significantly in three populations assayed after 500 generations (t ϭ 0.439; P ϭ 0.67), we do not discuss these findings further. Generally, evolved populations showed a significant decrease in nematode killing ability compared to the ability of the ancestral clone (t ϭ 7.11; P ϭ 1.32 ϫ 10 Ϫ8 ). Infection by the ancestral clone resulted in a mean nematode mortality of 81%, whereas infection by the evolved populations after 500 generations resulted in a mean mortality of 30.6%. Optical density of the evolved populations did not differ significantly from that of the ancestor (t ϭ Ϫ0.062; P ϭ 0.951) (see Fig. S2 in the supplemental material); yet nematodes infected with ancestor populations were sluggish and slow to respond to mechanical stimulus, and nematodes infected with evolved populations displayed vigorous movement and immediate response to touch. Populations varied significantly in their ability to kill nematodes (ANOVA, F ϭ 38.337; P ϭ 1.95 ϫ 10 Ϫ13 ), which suggests that varied adaptations to the onion medium also affected nematode virulence differently. To ensure that reduced nematode killing compared to the ancestor was not due to differences in starting inocula, we quantified the cell yield of ancestor and evolved populations after 24 h of growth in filtered onion medium and found no significant differences between ancestor and evolved populations (t ϭ Ϫ1.303; P ϭ 0.234).
To test if the evolved populations experienced reduced nematode killing as the result of adaptation to a general laboratory environment and not the onion model, we assayed nematode killing for the galactose-evolved population P1 (see Fig. S1B in the supplemental material). This population did not differ in nematode killing ability compared to the ancestor (t ϭ 1.55; P ϭ 0.197), and the nematodes infected with P1 appeared sluggish. Therefore, we conclude that the reduction in nematode killing by the onion-evolved populations was a correlated effect of adaptation to the onion model and not simply to the laboratory environment.
To determine if decreased nematode virulence was the result of overall catabolic decay, we measured the ability of the lacZ ϩ populations and their ancestor to use 95 different carbon sources (see Table S1 in the supplemental material). Of these, 81 substrates produced measurable growth. For each substrate, we compared the evolved population mean values with the ancestor replicate values using two-tailed t tests and corrected the P criterion for 81 comparisons. This analysis revealed no significant increases or decreases in growth on any carbon source although some gains and losses specific to individual populations may have occurred. Further, the sums of these growth functions were generally equivalent between evolved and ancestral replicates; five of six evolved populations demonstrated slightly (ϳ3.7%) increased growth, but this difference was not significant (t ϭ 0.78; P ϭ 0.28). Therefore, selection in the onion model apparently neither favored specialization on a particular carbon source nor broadened metabolism. These results appear to rule out decreased metabolic capacity as a cause of reduced nematode pathogenicity.
To determine whether the reduced nematode killing by the evolved bacteria was associated with an inability to initiate infection, we used confocal microscopy to visualize 10 individual nematodes that were cultured with a red fluorescent protein (RFP)-marked clone from one evolved population (L1) or an RFP-marked ancestor clone (Fig. 3 ). All nematodes cultured with the virulent ancestor were lethargic and sluggish, behavior consistent with infection. Furthermore, the ingested ancestor bacteria were highly concentrated behind the pharynx in the grinder region of all five nematodes (Fig. 3B) , and the intestinal lumen was distended (Fig. 3A) , which correlates with constipation and starvation of nematodes (23) . In contrast, all nematodes cultured by the evolved attenuated population L1 were active and moved rapidly, consistent with ingestion of a nonpathogen or a food source. In all but one nematode, evolved bacteria were uniformly distributed throughout the gut (Fig. 3D) , which is suggestive of normal digestion, and the intestine appeared nondistended (Fig. 3C) .
Correlated effects of experimental evolution. We examined three separate phenotypes related to virulence in plant and animal models to determine whether the evolved populations diverged from the ancestor. These were (i) motility, (ii) biofilm production, and (iii) C 8 acyl-homoserine-lactone production, a key attribute of quorum sensing in Bcc (Fig. 4) . Though the motility of three populations increased (D2, D3, and L3), the mean motility of the remaining populations declined relative to the ancestor (t ϭ 3.32; P ϭ 0.002). Evolved populations varied significantly in their ability to swim (F ϭ 4.126; P ϭ 3.6 ϫ 10 Ϫ4 ) but did not systematically increase or decrease. Most populations increased in biofilm production (t ϭ Ϫ2.00; P ϭ 0.04) but also varied significantly (F ϭ 6.040; P ϭ 2.0 ϫ 10 Ϫ6 ). In light of this finding, we also examined attachment to onion particulate matter using phase-contrast microscopy of ancestor and evolved bacteria growing in onion medium (data not shown). Both the ancestor and evolved bacteria adhered to onion particulate, which could explain why increased biofilm production may have been favored. Lastly, all evolved populations produced significantly less C 8 acyl-homoserine-lactone (t ϭ 6.976; P ϭ 7.15 ϫ 10 Ϫ10 ), which is indicative of reduced quorumsensing function, but varied significantly in their levels of production (F ϭ 50.788; P Ͻ 0.001). Although significant variation was observed in all three traits, some populations may have undergone coordinated change. To determine whether certain populations may have adapted along similar pathways, we developed a trait matrix to estimate the minimum number of different adaptive routes by the 12 evolved populations (see Table S2 in the supplemental material). Taken together, every population evolved a unique combination of adaptive and correlated traits, which implies unique genetic causes or correlates of adaptation.
Adaptation to onion medium was therefore associated with significant alterations in nematode pathogenicity, motility, biofilm production, and quorum-sensing function. We studied changes in these traits more closely over time in one population (Fig. 5 ). The increased fitness in onion medium between 300 and 700 generations correlated directly with decreased nematode virulence (Fig. 5A) . At the same time, biofilm production increased and motility decreased (Fig. 5B ). In this population, relative fitness actually decreased between 700 and 
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1,000 generations, which correlated with a slight restoration in nematode virulence. Together these results demonstrate the coordinated response of several traits to adaptation in onion medium.
DISCUSSION
Adaptation to onion medium was rapid and varied among populations. After 500 generations of evolution in onion medium, nine evolved populations significantly out-competed the ancestor, and after 1,000 generations of evolution, all 12 populations were significantly more fit (Fig. 1 ). This adaptation was indeed specific to onion medium because two populations evolved in minimal galactose medium in a separate experiment (Poltak and Cooper, submitted) did not differ from the ancestor during competition in the selective environment. Rather, increased fitness was likely primarily the result of increased maximum growth rate, which increased by a magnitude (73%) that would explain much of the mean 97% fitness increase (Table 3 ). Maximum growth rate has also been shown to be the major component of fitness in E. coli populations that were experimentally evolved by serial transfer (50) . Similarly, in both these Burkholderia populations and in other E. coli populations, the apparent yield based on the number of CFU declined over time, which could reflect a shift toward production of fewer, larger cells (51) though we have not yet quantified mean cell volume. Yet the apparent variability among these populations is unusual in comparison to other serial transfer experiments (1, 31, 52), ranging in one complete block from a minimum of 1.49 to a maximum of 2.78. This variation was significantly associated with experimental blocks and not with populations alone, but the interaction term of experimental block and population was highly significant ( Table 2 ). The FIG. 4 . Motility, acyl-homoserine lactone production (quorum sensing), and biofilm production of wild-type (WT) B. cenocepacia and 12 populations evolved in 2% onion medium for 500 generations. Swimming motility was measured using 0.3% swim agar (in mm). Biofilm production and C 8 acyl-homoserine lactone production were measured as previously described (25, 37) . All values were standard- 
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HOST-SPECIFIC BURKHOLDERIA ADAPTATION 2393 effects of experimental blocks likely reflect the natural complexity and variability of onions as susceptible hosts; even tissue grinding and sterilization did not eliminate all environmental structure or properties inherent to onion batches. The population-by-environment interaction suggested that different adaptations to onion medium may have been selected in different populations. The extent of adaptation over the first 500 generations was positively associated with the presence of the lacZ marker, but this difference disappeared by generation 1,000 (Fig. 1 ). This may be an effect of evolutionary history since the presence of lacZ seemed to influence the evolutionary outcomes of evolving populations. Such a pattern related to genetic marking has been reported in at least one other experimental evolution (41) . Unfortunately, we cannot determine if the fitness of the lacZ ϩ populations increased due to natural selection alone or as the interaction of genetic history and natural selection (41) .
Adaptation to onion medium reduced nematode pathogenicity and influenced a range of physiological traits. Variability among populations undergoing adaptation to a common environment could result from two concurrent processes: selection of different adaptive alleles or from random fixation of different alleles either by genetic drift or by genetic hitchhiking (8, 10, 11) . Because each population was founded by a single clone and all new variation in each population arose de novo by mutation, selection of different alleles among different populations is plausible. However, the typically low mutation rates of these bacteria (estimated to be on the order of 10 Ϫ2 /genome/generation S. Poltak and V. Cooper, unpublished data) combined with the large effective population sizes of this experiment (the harmonic mean of the daily bottleneck and final populations, ϳ4 ϫ 10 6 [21] ) strongly hamper effects of genetic drift. Thus, variation among populations is unlikely due to drift alone. Nevertheless, it is possible that a common set of favorable alleles became physically linked to different, secondary mutations in different populations. If this were the case, we would expect strong convergence in adaptive traits but little convergence among correlated, nonadaptive traits because different mutations would hitchhike in different populations. We explored this alternative by measuring several heritable phenotypes of the adapted populations and their extent of convergence ( Fig. 4) .
Many phenotypes may change during selection on what may seem, a priori, to be a narrowly defined trait (e.g., more rapid growth in onion medium). These correlated effects may be direct or indirect consequences of adaptation (30) because selection acted directly on a broader range of traits than predicted, selection acted on traits that were pleiotropic, or variation accumulated by nonselective means. If correlated effects change in parallel among replicate populations, then adaptation may have occurred by similar genetic bases (15) . During this study, we observed several patterns of correlated effects during adaptation to onion medium: (i) losses of function or trade-offs common to all of the evolved populations (nematode pathogenicity; quorum-sensing ability); (ii) common adaptations specific to the selective environment (increased fitness, increased growth rate, and reduced yield in CFU/ml); (iii) both gains and losses of function among replicate populations (biofilm production, motility, and diet breadth); and (iv) changes that depended on the initial genetic condition or on evolutionary history (effects of the lacZ marker).
To further explore the linkages among the evolved responses, we analyzed all of these correlated effects in the context of a trait matrix (see Table S2 in the supplemental material). We found that no two populations were statistically inseparable; thus, each population appears to have adapted to onion medium by distinct underlying mechanisms. These differences between populations might erode if selection continued over a longer period and favored greater convergence of beneficial alleles, but they need not. For example, relatively subtle differences in fitness among serially transferred E. coli populations after 2,000 generations of evolution have persisted for more than 20,000 generations (10, 31) . On balance, the distinct adaptive responses of these evolved Burkholderia populations combined with their variable indirect responses are better explained by unique combinations of adaptive and pleiotropic alleles rather than by rampant genetic hitchhiking of secondary, neutral mutations. However, such variability may ultimately stem from adaptation of a maladapted, natural isolate in a foreign laboratory environment, in which many different mutations are adaptive.
Perhaps the most remarkable correlated effect was the parallel and consistent loss of nematode pathogenicity, which can be viewed as a restriction of host range for B. cenocepacia (Fig.  2) . This outcome can be explained as a product of antagonistic pleiotropy: a beneficial mutation in the onion model is a detrimental one in the worm model. Furthermore, variability of worm virulence within a given population (Fig. 5A) suggests that it is genetically heterogeneous; therefore the fall and rise of nematode virulence may reflect competition between different clones with distinct pleiotropic effects. In addition, because selection occurred over a relatively short period and because changes in fitness, nematode pathogenicity, biofilm production, motility, and quorum-sensing function (Fig. 5B) were precisely temporally correlated, it seems likely that few mutations (and perhaps only one) affected the complete suite of measured phenotypes (10) . It is important to note that our findings show trade-offs associated with virulence factors and not necessarily with the initiation of infection. Adaptation to the onion model did not limit colonization of an alternate host, yet the loss of virulence after only 500 generations has implications for reduction of host range during long-term adaptation. More generally, this implies that adaptation to a specific environment may reduce host or niche breadth by antagonistic pleiotropy, which has been observed in studies of viral adaptation to single hosts (14, 16) .
The mechanisms of onion disease are well described in B. cepacia ATCC 25416. These bacteria macerate onion tissue by secreting a pectate hydrolase enzyme (peh) that degrades pectin molecules and compromises plant cell walls (13, 22, 47) and also by producing a plant tissue watersoaking (PTW) phenotype associated with onion tissue maceration (22) . B. cenocepacia does not contain the peh gene but is capable of the PTW phenotype, which is attributed to plant-cell cytotoxic effector molecules delivered by a type IV secretion system found in both B. cepacia and B. cenocepacia (19) . As yet, the effector molecules used by both species in plant virulence remain uncharacterized. However, we did not observe a significant increase in onion disease symptoms following selection in onion 2394 ELLIS AND COOPER APPL. ENVIRON. MICROBIOL. medium. Tissue maceration by evolved populations did not increase over that caused by the ancestor, but this phenotype did not decrease either. This result may simply reflect the mass-action, homogenized environment of onion medium that did not select for improved tissue invasion but rather only tissue catabolism. In addition, the ability to adapt to grow in onions is apparently tied to an initial capacity for tissue invasion: pilot selection experiments involving two avirulent strains of B. cenocepacia failed to grow well in onion medium or on onions themselves (not shown).
The suite of other phenotypic changes that may be linked to pathogenicity in onions or nematodes illustrates that selection in specific hosts or host analogs may influence host range (Fig.  4) . For example, motility is a trait required for pathogenicity by a range of bacterial species (17, 28, 40) , but its reduction in some populations associated with adaptation to onion medium may be responsible for reduced nematode virulence (38) . In addition, the overall increase in biofilm production and adherence to onion tissue among adapted populations could suggest greater pathogenic potential in other hosts: biofilm production is strongly associated with the ability to establish respiratory infections (49) , including by B. cenocepacia (25, 35) . Yet highbiofilm-producing mutants of B. cenocepacia HI2424 are less virulent in C. elegans (S. Poltak and V. Cooper, unpublished data), which suggests that altered biofilm production as a correlated effect of host selection is ambiguous. Similarly, the ability to conduct quorum sensing by the production and sensing of C 8 homoserine lactones declined in these populations; this function underlies pathogenicity in several hosts by B. cenocepacia (25, 44) .
Convergence toward increased biofilm production and decreased motility among the evolved populations suggests that increased biofilm could be an adaptive response to growth in the onion model, which is supported by phase-contrast images of bacteria adhering to onion particulate. However, selection for biofilm formation was not particularly strong since adherence was not required for transfer to fresh medium in our model. This could explain the variation seen in biofilm formation and motility of the evolved populations. Also, there is no correlation between increased biofilm formation and decreased motility, as would be expected if these populations were adapting to a biofilm lifestyle. Furthermore, the galactose-evolved populations P1 and P2 (Poltak and Cooper, submitted) also showed modest increases in biofilm production due to adherence to the walls of the test tube, which demonstrates adaptation to the general lab environment. Thus, we do not suggest that the predominant form of selection was for biofilm adaptation but that the variability in biofilm production and motility were likely due to a combination of lab adaptation and adaptation to our onion model.
In this study, we evaluated the degree to which adaptation to one specific host model affected host range. We concluded that not only does adaptation to a specific host restrict host range but also the favored mutations that increase fitness in one host themselves likely decrease fitness in another host. In addition, we concluded that mutations affecting the pathogenicity of B. cenocepacia are also variable and pleiotropic; variation in these correlated traits suggests that different populations adapted by distinct genetic pathways but with generally antagonistic, pleiotropic effects on host range. These findings are significant in the context of disease control and the use of prolonged passage on a single host to attenuate the virulence and restrict the host range of opportunistic pathogens. We anticipate that future studies may identify the mutations that increased fitness in the onion model and elucidate their specific contributions to host range restriction.
